Field trials were made at thirteen centres in varied localities to test whether a strain of clover Rhizobium used as a seed inoculum in the field could establish itself in the crop in competition with the native strains already present in the soil. Each experiment comprised four sets of plots, one uninoculated and the other three each sown with seed inoculated with a different strain of Rhizobium.
The existence of ineflective strains of Rhizobium in nature Ineffective strains of Rhizobium, incapable of supporting the nitrogen requirements of the leguminous plant by nitrogen fixation, seem to be prevalent among clover nodule bacteria, although they have been isolated also from soybean, pea, lupin and lucerne. A survey of the distribution of ineffective strains of Rh. trvolii in Great Britain has shown them to occur especially in poor hill pastures; plants from these areas are often pale and stunted and their roots bear a large number of small white nodules. Re-seeding is likely to fail if the new plants become infected with indigenous ineffective bacteria. Inoculation of the legume seed is a means of introducing effective strains, but there are various hazards that these bacteria must overcome before their establishment in the soil and in the clover can be assured.
The problem of inoculation
The literature contains many reports of the success of legume seed inoculation where the crop has not been grown before and appropriate root-nodule bacteria are known to be absent. When it is desired to replace a native population of ineffective strains with a relatively small inoculum of a beneficial strain, it is essential that this inoculum be able to withstand inter-strain M . P. Read competition. In the field, rhizobia invade the plant in the presence of a wide variety of organisms composing the indigenous flora of the soil and rhizosphere. The time lag between inoculation and invasion will be critical for eventual establishment of the inoculum, for competition with native strains may cause its suppression.
Nicol & Thornton (1941) found large differences between the rate of appearance and the final nodule numbers produced by various strains in pure culture, particularly with clover. When two strains were applied simultaneously to the roots, the final number of nodules due to each strain was not always related to its infectivity. Competition between the two strains in the rhizosphere could result in almost complete suppression of one strain. Dominance in competition seemed to be related to the initial rate of multiplication but not to the ability to fix nitrogen. In their experiments, the two competing strains were supplied in approximately equal numbers. Where seed inoculation is used for a crop such as clover, there is probably a great disparity between the numbers of introduced bacteria and those of the clover rhizobia already present in the soil. Wilson (1931) found that soils with a pH value suited to clover may be expected to contain some thousands of clover rhizobia/g. A culture of Rh. trgolii as used for seed inoculation contains some 2.8 x lo7 viable bacteria/ml. (Thornton, 1929) , giving a spread of several hundred organisms on each seed-coat. Thus the number of bacteria introduced into the soil by the seed may be very small in an environment where rhizobia of the appropriate cross-inoculation group may be expected in normal numbers already. It was therefore necessary to ascertain whether such an inoculum was able to withstand competition from a large population of native nodule bacteria and to establish itself in the roots of the crop.
Serological identijication of the inoculant strain
It is well established that the root nodule bacteria present a serologically heterogeneous group, but the relative scarcity of known antigenic structures enables certain selected strains to be identified by serological tests. Kleczkowski & Thornton (1944) found that strains agglutinating with ' 0 ' antisera against Rh. trifotii P11 and 205 were of rare occurrence in British soils. This suggested the possibility of using for field inoculation strains containing one or other of these antigens as ' tracers' to distinguish nodules produced by the inoculum from those produced by native strains. This method was tested by Thornton & Klecakowska (1950) a t four different centres; the results showed that the serological method of nodule identification was practicable. They also indicated that the two strains used as inocula differed in their ability to establish themselves in competition with the local strains, although the number of nodule isolates tested in this preliminary trial was too small to be conclusive.
Objects of the present work The experimental work to be described was undertaken to gain information concerning field establishment of effective strains of clover nodule bacteria, and in particular to discover: Tornaveen I, Aberdeen. Medium sandy loam over granite, pH 6*7,800 ft. Tornaveen 11, Aberdeen. Loam over granite, pH 6-5, 800 ft. (farm P k n and technique of jietd trials. Each experiment was carried out in a field which had not been sown to clover for several years, to avoid the risk of 'clover sickness'. A strip of sixteen randomized plots was laid down, each 5 x 8 yd. with a path 1 yd. wide between each to eliminate any carry-over of infection. Four plots were sown with uninoculated seed and four replicates with each of three effective strains of Rh. trifolii. Late-flowering Montgomeryshire red clover, TrifoZizlm prateme Linn., was used throughout, and the inoculum was always supplied at sowing. The control plots became nodulated with native strains present in the soil, and an antigenic survey was necessary to distinguish them from strains used as inoculum. All plots were adequately fertilized with lime, phosphate and potash. It was hoped that infection of control plots with experimental strains would be avoided by seeding uninoculated plots first of all, and in keeping to the paths, to prevent infection from one plot to another. This was successful and cross-infection was very rare.
Strains w e d as inomla. The following strains of Rh. trqolii were selected: (1) Clover F (GB) derived from Blandford, Dorset, England. Some confusion exists owing to the same numbers having been applied to different strains in different countries. To avoid this confusion in the present paper, the letters (GB) specify strains isolated from British soils, and (US) and (AU) those isolated from soils of U.S.A. and Australia respectively. For simplicity these letters have been inserted here only in the description of the strains used and in Table 1 The strains were originally isolated from effectively nodulated clover plants and had maintained their effectivity in pure culture for several years. Their antigenic constitution had remained constant, and furthermore they possessed distinguishing antigens (Kleczkowski & Thornton, 1944) . It was hoped that the naturally occurring nodule bacteria would not possess these antigens.
Isolation of bacteria from nodules. After 2-3 months, when nitrogen fixation was under way, twenty-five plants were taken a t random from each plot; a healthy nodule was selected from each plant, care being taken to include nodules of all sizes in this sampling. No inoculant strain could be recognized by the type of nodules it produced on plants in the field. It was thought preferable in this type of investigation to make isolations from one nodule selected from a large range of plants, rather than to sample more heavily from fewer plants, although Hughes & Vincent (1942) observed the occurrence of different serological types on the same plant. Each nodule was immersed for 3 min. in 80 yo ethanol followed by 3 min. in 0.2 yo mercuric chloride, and washed in sterile distilled water until the washings no longer contained chloride. The nodule was crushed in water to free the organisms from the central tissue, and the resulting suspension was streaked on agar of the following composition : mannitol, 1.0 yo ; K2HP0,, 0.5 yo ; MgSO, .7H,O, 0.02 % ; NaCl, 0.02 % ; FeCl, , 0-001 % ; aqueous yeast extract 10 % ; agar 1.5 yo.
This medium gave discrete colonies in 3-4 days a t 25", after which a single colony was picked off and plated twice more. After the third successive plating on yeast mannitol agar, the cultures were examined for the presence of Agrobacterizcm radiobacter by the tests outlined by Hofer (1941); the cultures were not regarded as pure until this procedure was completed.
Wales.
Serological testing of the isolates Preparation of antisera. Suspensions for immunizing rabbits were prepared by mixing 2-day and 5-day yeast mannitol agar cultures to ensure an adequate cell content and a high proportion of actively motile bacteria (Vincent, 1941) . One ml. of a heavy filtered suspension was injected intravenously every 5 days for 4 weeks, and the animal bled out when a tested sample had a titre against the somatic antigen of a t least 1/3200. Although the somatic titre remained fairly constant in antisera stored at 4 ' over a considerable period, the flagellar titre progressively declined to l/ZOO or less. Vincent (1941) and Kleczkowski & Thornton (1944) emphasized the need for ensuring the presence of motile bacteria, and all suspensions used throughout this work were checked for motility.
Agglatinution test.
As specific H and 0 antisera were not prepared for any strains, the agglutination test was carried out by the methods used by Kleczkowski & Thornton (1944) . Isolates from the control plots were always tested first, and their somatic and flagellar reactions obtained separately, because in some strains the rapid appearance of 0 may mask an H reaction. With the inoculated plots, however, it was known that the inoculant strains searched for gave clear-cut H and 0 reactions, and it was thought safe to use untreated antiserum and to distinguish them by the very characteristic types of precipitate and the interval of their appearance. When control isolates did not give reactions identical with those of the introduced strains, it was assumed that the native microflora did not contain Rh. tri;folii identical with the inoculum. In two trials some strains from the uninoculated plots gave reactions liable to be confused with those of the inoculant strains. In these, H and 0 reactions were obtained separately for all isolates, and inoculant strains were then clearly recognizable.
In the 1947 series, final dilutions of antiserum from 1/200 to lll600 were used, but in the 1948 series, tests were made only at 1/200; experience showed that many native rhizobia were of poor antigenicity, All isolates were tested against the test antisera, even where antisera shared a reaction, in order to obtain as much information as possible about the distribution of antigens in the soil population. Reactions were compared with a control tube of bacteria plus saline, and with those given by the homologous antigen. Atypical reactions were encountered sometimes, mainly as sparse floating floccules or rather mucoid precipitates, but the seven test strains gave clear-cut positive reactions with their homologous antisera. Occasionally an isolate reacted with all antisera (control negative) which may perhaps indicate the presence of a group antigen.
Validity of the technique. Altogether some 1700 isolates from uninoculated plots were tested. Of these only eight gave a combination of reactions identical with any of the inoculant strains. The figures show that the methods used were adequate to enable these strains to be identified in the plots to which they were added. For more precise serological analysis, further refinements such as the use of specific H and 0 antisera would have been desirable; owing to the necessity for using the minimum number of animals a t the time this work was carried out, combined antisera had to be prepared.
Choice of untiseru. Selection was based on the work of Kleczkowski & Thornton (1944), and in addition antisera which would give information of value to the geographical survey of clover strains in Great Britain. The strains and their corresponding antisera were as follows: (1) P11 (GB), antiserum against an effective strain from pea; (2) Clover F (GB), antiserum against strain C1. F; ( 8 ) R 7A (GB), antiserum against strain R7A derived from clover M . P. Read near Aberdeen; (4) 49 (GB), antiserum against strain 49; (5) 46 (AU), antiserum against effective strain 46 used by Hughes & Vincent (1942) in agglutination studies of strains isolated in New South Wales; ( 6 ) 205 (US), antiserum against strain 205; (7) Orkney (GB) (included only in 1948 tests), strain derived from clover in the Orkney Islands. Thus antisera used throughout were prepared from strains isolated from widely scattered areas.
The H and 0 reactions to the seven antisera given by strains of Rh. trifolii used in this work are shown separately in Table 1 , where titres are given as the reciprocal of the final dilution. Strains Clover F and 49 cross-react strongly, although they are not serologically identical. Their similarity did not, however, invalidate positive reactions given from plots inoculated with them since strains identical with either were absent from the uninoculated plots. 
Establishment of inocuh in the jield
The results of a typical experiment are set out in Table 2 , while the mean percentages of nodules due to each inoculum at the centres in the year of sowing are collected in Tables 3 and 4 ; this is referred to later as 'establishment'. In every experiment it was possible, with one or other of the inocula, to obtain an establishment of over 30%, and in all but two of the experiments, of over 50%. There were large differences in the establishment achieved by different strains in the same trial. In the 1947 series (Table a), the Welshpool experiment on land that had been a garden, showed no significant differences In the experiments sown in 1948 (group B, Table 4 ) the results were less uniform. Significant differences between strains were found in five of the seven experiments in which Clover F, 38 and Pentyr 4 were compared, but 8 M . P . Read the relative establishment of the three strains differed strikingly in different localities, no one strain giving the lowest or highest establishment in all experiments. In the trial a t Tornaveen in which strain 46 (AU) was tested, this organism gave poor establishment. Four of the experiments sown in 1987 were carried on in 1948 without resowing, and the percentage of nodules produced by each inoculum on first-and second-year plants are compared in Table 3 . A considerable falling-off in establishment was apparent in the second year, but Clover F still gave the highest establishment. The differences in establishment suggest that strains giving the best results possess some characteristics enabling them to multiply more in the root surroundings of the host crop than do other strains. The variable results in 1948 further suggest that these characteristics may be influenced by local conditions. Nevertheless, it was thought worthwhile to make a preliminary approach to this complex problem by studying the growth rates of three of the experimental strains alone and in mixture in a simple medium of sand with and without an added source of energy. Nicol & Thornton (1941) found that when two strains of Rh. legurninosururn were grown together in sand surrounding the roots of growing pea plants, one strain increased in numbers and suppressed the growth of the other strain. This dominant strain also had a higher multiplication rate than the other when grown in pure culture in the root surroundings. Similar results were obtained by growing these two strains alone and together in sand supplied with sucrose but in the absence of plants. In order to learn whether the strains used throughout the establishment experiments differed in their rates of multiplication, alone and in competition with one another, the organisms were grown in sand culture with and without added sucrose and their numbers counted .
GROWTH AND COMPETITION IN SAND CULTURE
Technique. Clover F, 205 and 49 were chosen, since from the evidence of field experiments they might be expected to differ from one another in rate of multiplication, Small Erlenmeyer flasks containing 10 g. of nitrogen-deficient sand were moistened to water-holding capacity with seedling salts solution Cultures containing a single inoculum were examined after 4 days, and mixed cultures after 4 and 14 days, the time intervals being based on the data of Nicol & Thornton (1941). The numbers of bacteria were estimated by plating on calcium gluconate agar. The sand culture plus 40 ml. seedling salts solution was shaken for 10 min. before making dilutions, and five replicate plates were always poured at each dilution counted.
As colonies of the three strains used in mixed culture could not be distinguished, slide agglutination was adopted for their identification. A colony was emulsified in saline and added to a drop of the antiserum at 1/200 dilution placed on a well slide; fifty colonies from each sand culture were examined. The slides were covered with cover-slips, left at room temperature for 2 hr. and examined under the high-power objective. It was possible to distinguish agglutination from clumping due to the capsule of the organism.
Results
Growth o f p r e cultures. The colony counts for pure cultures, after 4 days, are shown in Table 5 . The strains fall into two groups as regards growth rate:
(46, Clover F, 49) > (88,205). There was little difference in growth rate between strains within the groups but significant differences between any one strain of one group compared with any one of the other. 
M . P. Read
In the cultures with sucrose, the groups were (Clover F, 205) > (46, 49, 88).
Strain Clover F was among the fast-growing strains in each group, an interesting fact in view of its being one of the more promising to give establishment in the field. 205 showed a response to sucrose, while 88, which gave good establishment in a number of trials, grew more slowly in both media. The relative growth rates of the various strains supplied with sucrose may differ from that resulting from stimulation by the root secretion of the plant. Competition between strains. Table 6 shows the results of the identification of the fifty colonies tested from plating the 'mixed' cultures. Clover F gave a significant predominance in pairs both with 49 and 205 when sampled after 4 days' associated growth, but this predominance was no longer significant after 14 days. Such dominance may be related to the rapid growth of Clover F in pure culture by the fourth day. When 49 and 205 were grown together, the proportions of the strains did not change significantly by the fourth day, but by the fourteenth, 49 was significantly predominant. This dominance cannot be compared with growth in pure culture as no counts were made after this period. The results show that the member of each pair whose establishment in the field was higher also showed competitive dominance on one of the dates of sampling. The degree of establishment of the inoculant strains in the field did not show a clear relationship to their growth rate under standardized conditions in sand.
DISCUSSION
It is well known that a plant can bear a mixed population of effective and ineffective nodules on its root system, but the author is not aware that any estimate has been made of the proportion of effective to ineffective nodules that a plant must carry in order to receive satisfactory benefit from the former. Nutman (1946) recorded an instance in which a clover seedling received evident benefit from a single large nodule found on a root system which also carried ineffective nodules. It is probable that those who have worked in this field would agree that a plant carrying 30 yo of effective nodules would benefit materially. This percentage of nodules produced by the effective inoculant strain has been taken in the present case as constituting successful establishment.
At each of the thirteen centres, at least one of the strains used for seed inoculation produced more than 30% of the nodules, and in some cases an establishment of over 50 yo was attained. The first conclusion from the trials is that it is possible to obtain successful inoculation of the crop in widely different soils which contained a varied native population of clover Rhizobium. It is difficult to attribute this finding solely to the dominance in competition of the inoculant strain : for it seems likely that amongst the numerous strains native to the soil, many must have possessed the ability to compete with the inoculant strains if given an equal opportunity to do so. It is possible that the placing of the inoculum on the seed-coat, from whence the bacteria can readily migrate along the root system of the seedling, gives it a critical advantage in infecting the root hairs.
Nevertheless, the second conclusion is that the nature of the strain used greatly affects the success of establishment, so that differential strain competition is an important factor. In comparing the efficacy of the different inoculant strains, the results in the 2 years show that in 1947 strain Clover F gave the best and strain 205 the lowest establishment a t all the five very different localities, whereas in 1948 the strain that gave the best result differed according to locality. This was also accompanied by a greater variability in establishment between replicate plots but was not due wholly to this cause, as the effects of different strains in the same locality differed significantly in many cases. The summer of 1947 was uniformly dry, but in the wetter summer of 1948, the weather at the time of sowing varied greatly in different experiments. This factor may well have produced variable results if the inoculant strains differed in their behaviour towards the degree of soil moisture or temperature.
Inoculation pactice. In the past, successful legume inoculation has been mainly confined to areas in which the soil was deficient in species of Rhizobium capable of infecting the crop. The present experiments indicate the possibility of extending this practice to soil known to carry ineffective strains of Rhizobium in Great Britain. They also indicate that the competitive dominance of strains used for inoculation must be considered in order that they may successfully replace the native flora of root-nodule bacteria in the roots of the crop. The 211. P. Read fact that the strains used as inocula showed relative differences in different localities suggests the desirability of testing inocula consisting of several strains, in the hope that one may prove to be dominant in competition with native strains. If such mixed inocula were used, care would be necessary in selecting strains that did not compete differentially with each other.
The future of serological typing. Apart from their bearing on establishment, the experiments have shown that serological characters are a valuable aid to identification of a strain. Work with nodule bacteria has suffered because the course of infection with a given strain could not reliably be followed. When strains bearing readily identifiable antigens are chosen, the agglutination reaction forms a sound basis for their recognition and a study of antigen distribution in a native population, but separate testing for somatic and flagellar antigens was sometimes needed to distinguish a specific strain. The stability of somatic and flagellar antigens in an inoculant strain re-isolated from nodules gives confidence in the application of serological methods for recognition of specific bacterial strains in the complex environment of soil. It should be possible to recognize an inoculant strain containing a combination of two or more antigens which, though individually common, are known to occur infrequently in combination.
Note on the Statistical Examination of the Establishment Percentages

BY G. V. DYKE
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To provide suitable data for analysis of variance, the percentages were transformed to degrees by the angular transformation #' = sin-1 ,/@/loo), where p = percentage of positives, which is appropriate for a variable following a binomial distribution. As will be observed in Table 2 , the numbers of observations per plot were not constant, but the variation was relatively small and was ignored in the analysis, the transformation percentages being given equal weight.
The figures shown in Tables 3 and 4 were obtained by averaging results in angular units from each plot. The standard errors and critical differences apply to these angular values; all tests of significance were carried out on angular values. The standard errors of means for the various treatments at each site in each year were derived from analysis of results from each site and each year separately. These analyses are not presented. The standard errors of the various means of strains over groups of sites were calculated from the mean squares for the interaction 'localities by strains '.
From the analysis of variance of the group A data, it is clear that the differences in establishment with the three strains-were significant. Within the limits of expected random variation, these differences were constant from year to year but varied from one locality to another. There was an obvious and considerable decrease in establishment from 1947 to 1948, and from the standard errors given in Table 3 , it can be seen that the variation between plots was somewhat higher in the second year. No significant strain differences were observed a t the Welshpool locality. With this exception, strain Clover F was significantly better than 205. at the 5 % level throughout, but only in three cases was this strain significantly better than 49.
In the group B series Table 4 (omitting Tornaveen 11) out of the seven experiments taken individually, five gave significant differences in establishment between strains; in the remaining two, at Cockle Park and Hoddesdon, these did not attain significance. The variation in establishment of each strain from locality to locality was however so great that the mean differences between strains for all localities were not significant. The group B trials thus differed from those of group A in this greater interaction between localities and strain which was accompanied by a greater variability between replicate Statistical exarninution of the plate counts from sand cultures Preliminary examination of the full original data indicated that, in order to equalize the variances of groups of replicate plates with differing mean counts, the logarithmic transformation was necessary. It is likely that clumping of material produced a distribution different from the Poisson expected when the organisms are distributed independently in the diluent.
After the transformation, the data for each group of cultures were analysed in a body for each duration of growth.
The standard errors of the original mean counts were calculated by the formula plots.
S.E. (mean of n cultures) = ( l / n ) x (log, 10) x (mean count)
x (s.E. per count in logarithmic units). The mean colony counts per strain per treatment with relevant standard errors are set out in Table 5 along with the equivalent figures as bacterialg. Tested against the mean square between replicate cultures, the variation between strains was clearly significant, as was also the difference due to addition of sucrose to the sand. There was, however, a highly significant interaction between strains and the effect of sucrose.
After determining the proportion of colonies produced by each of the two strains in mixed cultures, a x2 test (1 degree of freedom) was applied to the data to determine the significance of departure from the original 1 : 1 ratio (x2 (1) in Table 6 ). All pairs showed clear departures from equality at one or other time of counting. A further calculation of x2 (2 degrees of freedom) was made to test the differences between replicate cultures. In no case was this difference greater than would be expected between three samples from a single population divided between two strains in the proportion indicated by the totals of the replicates. 
